Abstract-In this paper a method is developed and described for the determination in real-time of the crack length at the root of a three-dimensional gear tooth of given thickness, based on the electrical potential difference method. Multi-Electrostatic analysis is carried out on multiparametric gear solid models using finite elements, by inserting direct current from a pair of pre-attached electrodes and measuring the potential field at selected locations via other dedicated pre-attached electrode pairs and the results are correlated with the crack length. This analysis is used to determine the sensitivity of the electric sensing layout to size and other parameters, including the width of a tooth, the module, and the mounting position of the sensing electrode pairs.  Index Terms-gear teeth, crack sensor, electrical potential difference, sensitivity analysis
I. INTRODUCTION
Gears are machine components intended to transmit rotary motion and power transfer from the engine to the driven shaft via suitable cooperating teeth. The teeth are repeated recesses and protrusions of the surface of a toothed wheel, suitable to achieve meshing of the flanks of a toothed wheel with the projection of the mating gear wheel. Various curves can be used for the tooth profile, such as involute, cycloidal etc. Tooth geometry varies widely, from standard, non-standard and 3-D tooth forms [1] - [17] , to entirely asymmetric tooth forms [18] - [26] . In the present study we shall consider spur gears, in which the teeth are straight, symmetric and parallel to the rotation axis of the wheel.
Most mechanical systems that include gears show sensitivity to the existing operating conditions. Irregular or adverse operating conditions, such as static or dynamically induced overloads [27] - [30] , can lead to situations where the following phenomena occur:
  Improper lubrication  Presence of foreign bodies in the partner profiles  Insufficient maintenance on the mechanical system, such as misalignment or unbalance  Construction error in the configuration of the gear profile  Application improper heat treatment at gears The operation conditions and the development of cracks on the gear due to fatigue, in combination with high rotational speeds of the mechanical system, can cause the failure or wear of the gear. This appears as:
 Root fatigue cracking  Surface pressure fatigue (pitting)  Adhesive Wear (scoring) Root fatigue cracking is of particular interest in this paper, which occurs when submitting the tooth profiles to high bending stresses that exceed the material strength limit fatigue.
Such failures are classified in fracture mechanics in general as mode I (opening), II (sliding), or III (tearing).
Developing cracks at the foot of a tooth is a mixed type, namely type I and II. Consequently, there are two K I and K II factors characterizing the stress state of the crack in the tooth. Typically the value for K II is about 10% of the value for K I , which develops maximum values for middle crack lengths, with small crack lengths receiving medium values and great lengths small values. Several methods and models have been proposed over the years to detect, characterise and model gear tooth cracking, including [31] - [38] and [39] . Mainly, vibration and acoustic signature measurements are used due to the ease of instrumentation, considering that gears are difficult to access rotating systems operating under aggressive conditions and elevated temperatures, which prevail in the gearboxes.
In [39] , the creation and propagation of a crack depends on the ratio m B =S r /h t (backup ratio), which is a function of rim thickness S r and whole depth (h t ). For large values of the backup ratio (m_B), the crack will develop approximately as per trajectory 1 in Fig. 1 , whereas for small values of the backup ratio (m_B), it will develop as per trajectory 2.
The initial crack angle a c constitutes one additional factor affecting crack propagation: For small a c values the crack is not expected to propagate through the body of the tooth, even if the backup ratio is large, but instead will propagate towards the rim (Fig. 1, case B) . Moreover, the crack path tends to be a slightly curved, almost straight line [39] .
Regardless of type, each machine during the operation is producing vibrations. Under ideal operating conditions, the level of vibrations is within permissible limits. In real operating conditions, any existing defects or potential harm or lead to increased levels of vibration or even the shift of the frequency spectrum.
Monitoring and analysis of vibration provides information about the condition of a machine and made through modern measuring systems and institutions. The operating principle of the measuring system is based on the signal processing principles (discrete transform Fourier (DFT), fast transformation Fourier (FFT).
The spectra of the vibrations received by the measuring systems are characterized by peaks at frequencies corresponding to the operating periods of the engine components. In principle, the presence of a root crack will alter the stiffness of a particular tooth, thus influencing the vibration and acoustic signature and allowing an indirect inference of the existence of said crack. However, the accuracy of the methods based on this principle suffers from various strong noise sources, making the accurate characterisation of cracks impractical.
To overcome such problems direct in-situ measurements for crack detection and characterisation are needed. The electrical potential difference method presents such a possibility. It has been proven to be accurate and particularly suitable for use in inaccessible and harsh environments and elevated temperatures [40] - [59] .
The potential difference method is a non-destructive detection technique applicable to electrically conductive materials. This method has two major implementation techniques [41] : 1) Direct current potential difference-DCPD 2)
Alternating current potential difference-ACPD In both techniques the basic sensing layout is as shown in Fig. 2 . According to the potential difference method, electrical current is supplied (AC or DC) via electrical terminals (electrodes). The electrical current is applied to either side of the crack, resulting in the development of a potential difference at suitably located electrodes, also placed on either side of the crack. Any increase of the crack length will cause a change in electrical resistance and therefore the difference as compared to the potential difference that would be observed in a specimen without a crack.
The purpose of this work is the design of an electrical potential difference gear crack propagation sensor suitable for real-time measurement. Until today electric crack propagation sensors were analysed only in the twodimensional plane, without taking into account the effect of the gear width.
For electrical sensor design was made using the process of the fall of electric potential, whereby positioned electrodes at suitable positions on the surface of a tooth to which imported electricity, then measure the difference in electrical potential between the other two electrodes. The information is the difference in electric potential lead to the identification of the crack length given the trajectory. The whole problem of this work focused on the path of electrical current in the body of the tooth by diffusion from the surface (electrodes) to the interior of the tooth.
II. TOOTH AND CRACK GEOMETRY AND ELECTRICAL MODEL DEFINITION
The gear geometry considered in this study has pressure angle α 0 =20° and number of teeth Z=20. The Highest Point of Single Tooth Contact (HPSTC) is calculated for a contact ratio (ε=1,2). This geometry has been scaled to module values of m=2, 3, 4, 6, 12, 24 and m=50 mm. Appropriate tooth widths were assigned in each case.
A 3-D solid model for one of these gears and a single tooth model in the uncracked state is shown in Fig. 3 .
To design the cracks a finite element analysis was conducted of the cantilever tooth subjected to line loading at the HPSTC, which corresponds to the most severe loading per mesh cycle in the quasi-static case. Thus the position of the highest tensile stress at the tooth root, which is the most likely point of crack initiation, was determined. Regarding the progress of the crack, the iso-stress lines for the maximum shear stress were calculated (Fig. 4) . Under the Tresca and von Mises failure criteria, the crack will propagate perpendicularly to those lines, intersecting them until it encounters the neutral axis of the tooth. Thus anticipating the path of the crack, cracked gear model geometries are generated and imported into ANSYS Mechanical APDL. For describing crack propagation different crack tip positions are described as non-dimensional fractions of the length of a crack starting at the tooth root and ending at the tooth centre line. Specifically, the crack propagation will be discretised in ten stages, in each of which the crack will be increased by 10% compared with the previous stage, with 100% corresponding to the centre line.
In the finite element mesh the Solid 69 element was used (Fig. 5) , which has two degrees of freedom at each node, making it suitable for the intended analyses [8] . The meshed model of a cracked tooth is shown in Fig. 6 . The specific electrical resistance for steel was entered into the model as Ωm considering a temperature of 20 degrees Celsius. We note that: (1) where Ε is the electrical field intensity and J is the current density.
Next, several hard points were defined, playing the role of the electrode sources and sinks and of the electrical potential sensors. Applying constant current boundary conditions at the appropriate hard points steady state analysis may then be carried out. Fig. 7 shows the calculated dependence of the nondimensional potential on the length of the crack, ranging between 10%, 20%, 30%, and 40%, and the gear width, considering very thin gears. It is observed that for very small cracks the nondimensional potential to the crack width is nearly linear. By increasing the width beyond 0.1mm, a characteristic dip starts to become noticeable around the 20% crack length, which persists at increasing widths.
III. RESULTS AND DISCUSSION

A. Effect of Width Increase
B. Current Flow Inside a Tooth with Current Injection
on One Side Only Six equidistant test sections z1-z6 are defined as per Fig. 8 , with the current source and sink electrodes located on z1. The analysis results are shown in Fig. 9 . The chart reveals that the potential decreases as one moves towards the inside of the tooth. Also, for the pairs that are closest to the crack, the potential becomes larger values with respect to pairs farther removed from the crack. The 3-D current density on a plane normal to the crack tip is shown in Fig. 10 . 
C. Multi-Parametric Sensitivity Analysis
At this stage of the work a multi-parametric sensitivity analysis of the non-dimensional potential is carried out. The parameters are the crack length, the module, the width of the tooth and the distance of the pair of electrodes of the crack. The width of the crack length to be studied ranges from 10% to 40%. As regards the module, the considered values are m = 2mm, m = 3mm and m = 4mm. The tooth width, expressed in terms of the module, ranges from 0.1m to 10m. Fig. 11 illustrates the influence of some parameters on the tooth form. Finally, for the distance of the electrodes from the crack, indicated that seven pairs of electrodes are controlled in five partitions per width of each tooth. Thus created in total 7 × 6 × 2 = 84 hardpoints (42 pairs of hardpoints) for each phase of the crack (10%, 20%, 30%, 40%) and respectively each tooth. These pairs are always placed marginally shortly before the end of the crack.
The simulation results are summarised in Fig. 12-Fig.  13 . Figure 12 . Non-dimensional potential V/Vo, having as parameter the distance of the electrodes from the crack. Figure 13 . Non-dimensional potential V/Vo, having as parameter the module m=2, m=3, m=4.
From Fig. 12-Fig. 13 it is concluded that the width of a tooth does not significantly affect the non-dimensional potential, expect in the case of very small tooth widths (0,1m), in which case there is an increase in the nondimensional potential. The module of one tooth, at least for the range studied (m=2 up to m=4), does not affect the value of the non-dimensional potential. In contrast, the development of the crack from 10% to 40%, the potential almost linearly affects it. Regarding the pairs of potential measuring electrodes, it is observed that the smaller the distance from the crack, the more increased the potential value recorded. Consequently, it is best to place the electrodes as close to the crack as possible; however, there is the caveat that the actual crack position cannot be predicted a priori, so a minimal distance must be observed during electrode placement to account for this uncertainty.
IV. CONCLUSIONS
In this paper a multi parametric electrical model of cracked gear teeth was developed and simulated and the dependency and sensitivity was established of nondimensional electrical potential measurements using a specially developed electrode configuration. In particular, the dependency of practical surface measurements on the tooth width was found to be strong only for small tooth widths, quickly vanishing at larger practically applied widths. No dependency on the gear size factor (module) was observed. Useful correlations were observed between the crack depth and the electrical potential, establishing that this method is practically applicable in principle to gears of all sizes and proportions. The sensitivity to the placement of electrodes, in terms of distance from the crack, was also established.
